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ABSTRACT
Context. The eROSITA mission will provide the largest sample of galaxy clusters detected in X-ray to date (one hundred thousand
expected). This sample will be used to constrain cosmological models by measuring cluster masses. An important mass proxy is the
electron temperature of the hot plasma detected in X-rays.
Aims. We want to understand the detection properties and possible bias in temperatures due to unresolved substructures in the cluster
halos.
Methods. We simulated a large number of galaxy cluster spectra with known temperature substructures and compared the results from
analysing eROSITA simulated observations to earlier results from Chandra.
Results. We were able to constrain a bias in cluster temperatures and its impact on cluster masses as well as cosmological parameters
derived from the survey. We found temperatures in the eROSITA survey to be biased low by about five per cent due to unresolved
temperature substructures (compared to emission-weighted average temperatures from the Chandra maps). This bias would have a
significant impact on the eROSITA cosmology constraints if not accounted for in the calibration.
Conclusions. We isolated the bias effect that substructures in galaxy clusters have on temperature measurements and their impact on
derived cosmological parameters in the eROSITA cluster survey.
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1. Introduction
Clusters of galaxies reveal the large-scale structure of the uni-
verse and allow us to observe astrophysical processes on large
scales. They are among the largest gravitationally bound struc-
tures observable in the universe and one of the most sensitive
methods for detecting them is by the X-ray radiation of the hot
intra-cluster-medium (ICM). The importance of cluster observa-
tions for cosmological studies has been proven by the first X-
ray all-sky survey with the ROSAT satellite (Truemper 1982).
This survey allowed to observe a population of ∼ 900 clusters
across the sky (e.g. Böhringer et al. 2004; Ebeling et al. 2002;
Böhringer et al. 2000). The mass distribution of this population
can be used to constrain cosmological models. Before the start
of the ROSAT mission, there were detailed simulations of cluster
observations (Cruddace et al. 1991) in order to estimate the total
number of expected cluster detections during the survey and to
prepare for the data analysis once the real data was available.
Since the end of the ROSAT mission, many of the clusters
originally detected with ROSAT have been observed deeper and
at higher spectral and spatial resolution with the Chandra and
XMM-Newton X-ray observatories. However these telescopes
only observed individual clusters and in a small fraction of the
complete sky.
The all-sky X-ray survey mission, the extended Roentgen
Survey with an Imaging Telescope Array (eROSITA) on the
Spectrum-Röntgen-Gamma (SRG) satellite (Merloni et al. 2012;
Predehl et al. 2010) will perform a & 20 times more sensitive sur-
vey in the 0.5 − 2.0 keV ROSAT X-ray band and the first truly
imaging survey for energies from 2 − 10 keV. The instrument
consists of seven X-ray telescopes with separate detector arrays.
The main science goal of the mission is the detection of the
largest sample of galaxy clusters (∼ 105) out to a redshift of
z & 1. This sample will deliver strong constraints on cosmo-
logical models and their parameters, especially dark energy. It is
very important to understand the characteristics of the clusters,
which will be detected with eROSITA. First simulations of clus-
ters in the eROSITA survey were made to derive estimates on
the number of clusters and the general reliability of cluster tem-
peratures (e.g. Pillepich et al. 2012; Borm et al. 2014). Hofmann
et al. (2016) analysed deep Chandra observations and derived
emission models for 33 clusters with very high spatial resolu-
tion of temperature structures. We used these cluster models to
simulate eROSITA observations and to identify bias due to un-
resolved substructures in cluster temperatures in the eROSITA
survey caused by the lower spatial resolution of the eROSITA
instrument compared to Chandra.
Unless stated otherwise we used a standard ΛCDM cosmol-
ogy with H0 = 71 km s−1 Mpc−1, ΩM = 0.27 and ΩΛ = 0.73 and
relative solar abundances as given by Anders & Grevesse (1989).
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2. Sample properties
We created simulated eROSITA observations for a well defined
and analysed sample of Chandra-observed clusters of galaxies
(see sample by Hofmann et al. 2016). The clusters in the sam-
ple have halo masses ranging from 1 × 1014 M to 2 × 1015 M
(within the overdensity-radius r500, where the average density
of the cluster is 500 times the critical density of the universe at
the cluster redshift). The luminosity range is (2 − 63)x1044 erg/s
(0.1 − 2.4 keV X-ray luminosity), and the redshift ranges from
0.025 to 0.45 with a median of 0.15. The sample contains a
large variety of cluster structures and therefore is representative
of massive evolved clusters in the universe.
The eROSITA survey will have an average half energy width
(HEW) of ∼ 28 arcsec at 1 keV (measure for the average extent
of a point source in the survey), the energy range will be about
0.2 − 8.0 keV (see Fig. 1), and the spectral resolution will be
∼ 138 eV at 6 keV. The main survey will last four years and is
expected to provide a catalog of ∼ 105 galaxy clusters with a me-
dian redshift of 0.35 (Pillepich et al. 2012) and a median cluster
mass of ∼ 1014 M. For a subset of eROSITA clusters (∼ 1500)
the temperature TX can be measured with an uncertainty of less
than 10 per cent (see estimates by Borm et al. 2014). This sub-
sample will have higher median mass and lower median redshift
than the total sample, justifying our comparison to the Chandra
sample for the TX bias study. Even for such a reduced sample
the temperature bias of five per cent found in this study (see
Sect.4.1) would still create a significant offset in derived cos-
mological parameters. Stacked spectra and binning of clusters
will allow temperature measurements for an even larger sample
in the final four-year survey of eROSITA.
3. Simulated spectra with XSPEC
We used the latest response files and exposure estimates avail-
able to the eROSITA consortium (state of the art on July 14,
2016) for the simulations of cluster spectra in the four year
eROSITA survey.
We simulated the spectra of the clusters from the best fit val-
ues of the Chandra cluster sample maps in each spectral-spatial
region (Hofmann et al. 2016). The cluster maps were created
with the contour binning technique of Sanders (2006).
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Fig. 1. Latest measurements of eROSITA ARF for different filter com-
binations (preliminary). The plot shows the effective area over energy
for one of seven telescopes taking into account the mirror, filter trans-
mission and CCD quantum efficiency. The response is averaged over
the FoV of the telescope.
To validate the simulation and fitting methods we made two
identical simulations which were processed with the exact same
analysis procedure. Of the two simulations, one contains the
cluster substructure as measured from the deep Chandra sam-
ple, and the other an isothermal cluster model with the median
temperature of the cluster emission of the substructure case. This
median temperature of the cluster maps corresponds to an emis-
sion weighted temperature of the cluster (with about one per cent
scatter), because the spatial bins of the cluster maps were created
with a constant signal-to-noise level, meaning the number of bins
in a region is proportional to its X-ray brightness.
Each spectrum was simulated using XSPEC (version 12.9.0o)
fakeit which creates a simulated instrument spectrum of a
emission model applying an instrument response and Poisson
noise on the counts in each spectral channel of the detector. The
eROSITA spectra have 1024 energy channels with a width of
∼ 50 eV. Each spectrum was created with an absorbed apec
model which is defined by normalisation, temperature, fore-
ground absorption, redshift, and metallicity. Normalisation, tem-
perature, and foreground absorption (by neutral hydrogen) were
taken from the Chandra cluster sample maps (Hofmann et al.
2016). The foreground absorption by neutral hydrogen column
density between observer and source was modelled by the phabs
model included in XSPEC. The redshift was fixed according to
the simulated redshift bin of the simulation. The metallicity was
fixed at the average sample value of Z/Z = 0.3. The normalisa-
tion of a spectrum is directly proportional to the count flux of the
source and can be converted to an energy flux if the source spec-
trum is known. The normalisation of the spectrum was scaled ac-
cording to the change in luminosity distance between the Chan-
dra measurement and the simulated eROSITA observation. The
simulated spectra do not include background effects. The expo-
sure of the simulated spectra is 2 ks which is the average expo-
sure of the most recent survey strategy for the all-sky survey after
four years.
For the response files we assumed seven identical telescopes
with a 200 nm on-chip aluminium (Al) filter (see top curve in
Fig.1). Fig.1 shows the effective X-ray collecting area (ARF file)
for one telescope. For seven identical telescopes the average ef-
fective area between 1 − 2 keV will be about 1400 cm2.
The second calibration file needed for the simulation is the
RMF, which is a two dimensional matrix describing the prob-
ability with which an incoming photon of a specific energy is
measured in a certain energy channel of the detector. We used
an RMF averaged over all split events (accounting for measured
split event fractions) for the 200 nm on-chip Al filter case. Re-
sponse files have been measured with the flight hardware and
put together into a format readable by the XSPEC fitting package.
These have been provided internally to the German eROSITA
consortium in May 2015. Every cluster was simulated 100 times
and at 5 different redshifts (0.1, 0.2, 0.4, 0.8, 1.6).
4. X-ray mass-proxy bias
We investigated a possible bias in measured cluster temperature
TX and flux FX induced by the substructures of the ICM tem-
perature. We applied a Bayesian parameter estimation technique
(BXA, see Buchner et al. 2014) to all simulated spectra to obtain
a distribution of median values for the X-ray cluster temperature
TX and flux FX in the 0.3 − 6.0 keV band.
The spectra between 0.3 − 6.0 keV were loaded into XSPEC,
the background is set to zero, and the a apec x phabs model
is initialized. The priors for the BXA fitting procedure are uni-
form distributions between fixed limits. The limits for TX were
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Fig. 2. Average error on eROSITA temperature measurements in indi-
vidual clusters in the all-sky survey. The dotted line indicates the maxi-
mum error (temperature measurement not possible) using the BXA fit-
ting approach.
set to 1.0 − 20.0 keV. With these priors, BXA is run to obtain the
distribution of values for norm and TX. For each BXA iteration
the flux in the 0.3 − 6.0 keV band is calculated. From the BXA
distributions we obtained the median value, upper-, and lower-
bound as percentiles of the distributions of TX and FX (15, 50,
and 85 per cent as lower, median, and upper values). This corre-
sponds to best fit and ∼ 1σ range for a Gaussian distribution.
We simulated every cluster spectrum 100 times to estimate
the influence of statistical fluctuations on our results and thus
obtained 100 median values for each parameter. For the further
analysis we plot the percentiles (15, 50, and 85 per cent) of the
distribution of the 100 median values. This is a good approxima-
tion of what will be measured for a certain type of cluster in the
eROSITA survey.
4.1. Bias in temperature TX
For estimating eROSITA temperature bias due to temperature
substructure in the cluster ICM we used the output of the XSPEC
simulations described above. At five redshifts (0.1, 0.2, 0.4, 0.8,
and 1.6) we simulated the sample of 33 clusters both with real
substructure (sub) and as isothermal (iso) clusters. Each simula-
tion was done 100 times and we extracted the distribution of the
median values in temperature. We calculated the significance of
offset between the distribution of the real and isothermal cluster
cases as,
Bias(T ) =
Tsub − Tiso
Taverage
(1)
where Tsub is the temperature measured in the simula-
tion with substructure, Tiso is the temperature measured in the
isothermal case, and Taverage is the average temperature of the
two.
The sub-iso measurements allowed us to isolate the bias due
to temperature substructure. Fig.2 shows the evolution of the sta-
tistical measurement uncertainties increasing with redshift. We
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
Redshift
−7
−6
−5
−4
−3
−2
−1
0
<
T
b
ia
s
(s
u
b
−
is
o)
>
[p
er
ce
nt
]
−5.08± 0.27
Average substructure bias in temperature
Fig. 3. Temperature bias due to substructure at different redshifts. The
annotation shows the average bias between redshift 0.1 and 0.8. Error-
bars are 1σ uncertainties from a bootstrap re-sampling technique.
assumed a prior on temperature (1 − 20 keV) and if the tempera-
ture can not be constrained the probability distribution becomes
flat. Because best fit and uncertainties are extracted using per-
centiles of the distribution the best fit value then tends towards
the middle of the prior at 10.5 keV. The maximum uncertainty in
this case is ∼ 70 per cent.
The analysis does not show significant difference (. 1σ) in
the temperature bias between different substructure types. How-
ever there was a slight trend of less bias in more disturbed
systems. This can be understood because the low temperature
components of cool cores (CC) are over-weighted in the soft
eROSITA X-ray spectra and more disturbed systems have gen-
erally higher temperatures where the effect is smaller (see e.g.
Reiprich et al. 2013).
Fig.3 shows the average bias for the cluster sample at dif-
ferent redshifts. Because temperature uncertainties increase at
higher redshift, we could not measure a significant offset be-
tween iso and sub at redshift z ∼ 1.6. Most clusters will be below
redshift 0.8 in the eROSITA survey so it will be the most impor-
tant range for bias correction.
The measured bias from simulations is −5.08 ± 0.27 per cent
in the redshift range 0.1 ≤ z ≤ 0.8.
4.2. Bias in flux FX
From the analysis of the simulated eROSITA spectra we ob-
tained a distribution of best fit X-ray fluxes (0.3 − 6.0 keV en-
ergy band).
Fig.4 shows that the bias in flux is lower than in temperature
but there is also a significant offset due to temperature substruc-
tures. This can be due to correlation of the temperature and nor-
malisation of a fit in the apec model. This correlation is clearly
present in the parameter chains created by the BXA fitting pro-
cedure. If the measured temperature is lower also the flux will be
underestimated by a certain amount. The bias in flux is about 30
per cent of the bias in temperature.
The measured flux bias is −1.46 ± 0.03 per cent in the red-
shift range 0.1 ≤ z ≤ 0.8. Bias in flux translates directly to bias
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Fig. 4. Flux bias due to temperature substructure at different redshifts.
The annotation shows the average bias between redshift 0.1 and 0.8.
Errorbars are 1σ uncertainties from a bootstrap re-sampling technique.
in X-ray luminosity LX which is an important mass-proxy for
galaxy clusters (L-M scaling relations, see e.g. Pratt et al. 2009;
Zhang et al. 2011; Ettori 2013). However the redshift of the
source has to be known to determine intrinsic luminosity from
observed flux.
4.3. Substructure dependence
There is a large range of different substructure types in the Chan-
dra cluster sample. These types are mainly characterised by
how strongly disturbed the ICM of a clusters is. There can be
strong AGN feedback where jets from the AGN in the central
galaxy heat the surrounding ICM and perturb the hydrostatic
equilibrium of the system causing large temperature asymme-
tries. Mergers with subhalos can cause strong perturbations and
shocks or sloshing motions.
We divided the clusters into three different substructure types
by eye using the high resolution maps from Chandra observa-
tions (Hofmann et al. 2016): CC, disturbed, and double peaked
clusters (see Tab. 1). These substructure types provide an esti-
mate of how perturbed the hot ICM halo is but the transitions
between the three types are smooth. We found no significant dif-
ference in the bias between the three substructure types but a
slight trend of less bias in more disturbed systems (about 1σ sig-
nificance). This could be caused by higher average temperatures
and thus a smaller bias effect towards lower energies. The effect
was strongest for CC systems with lower-temperature compo-
nents at the center.
4.4. Caveats
The purpose of this study was to isolate the influence of substruc-
ture and show a first order impact on cluster cosmology con-
straints for eROSITA. To obtain a more realistic and complete
bias estimate for the eROSITA survey several other (possibly
stronger) factors have to be considered, like the selection func-
Table 1. Temperature bias values for different substructure types.
Cluster typea Bias(T ) [per cent]
CC −6.0 ± 1.6
Disturbed −4.9 ± 1.5
Double peaked −2.8 ± 1.9
Notes. (a) Clusters per type (abbreviations see Hofmann et al. 2016)
- CC: a1795, a1835, ms1455, a1413, ms0735, a2204, cygnusa, a907,
2a0335, a2597, a1650, a2199, hydraa, 3c348, and a2052; disturbed:
a1995, rxj1347, zw3146, a1689, a401, pks0745, a2034, a3667, a496,
sersic159, and a2390; double peaked: 1e0657, a665, a520, a2146, a521,
a1775, and a2744.
tion of clusters in the eROSITA survey. For this purpose there
are additional papers in preparation (e.g. Clerc et al., in prep.).
Fig. 5. Simulation of observed eROSITA cluster density in the redshift
- mass (M200c) plane. The total number of clusters is ∼ 105. The con-
tours include the denoted fraction of total observed clusters in the four
year all-sky survey. The grey-dotted (higher in mass) contours show the
expected observed distribution accounting for the selection function of
the eROSITA survey. The red (lower in mass) contours show the distri-
bution as it will be measured with a five per cent low bias in X-ray halo
temperatures. The solid black contours indicate best-fit mass function
(see below).
Additional bias can arise from effects which have not been
accounted for in the XSPEC simulations. These include back-
ground in the observations and contamination of cluster spectra
by AGN as well as uncertainty in the redshift of the clusters.
Leccardi & Molendi (2007) found the temperature bias to in-
crease when background is added to observations. Missing part
of the cluster emission due to detection efficiency can cause ad-
ditional bias. The measured cluster masses from fitting models
to the spectra can also be biased by inaccuracies in the models or
assumptions made which do not apply to the investigated system
(e.g. non-thermal pressure support).
The XSPEC simulations only provide blended spectra without
background and can thus not be used for core-excising tests or
other spatially resolved temperature analysis.
The luminosity of a cluster will contain additional bias from
the redshift measurements. It will depend on the quality and
quantity of the available cluster redshifts whether LX or TX will
be the better mass-proxy in the eROSITA survey. The current
accuracy of photometric cluster redshifts is 0.01 . ∆z/(1 + z) .
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0.02 (see e.g. recent work by Rykoff et al. 2016; Ridl et al. 2017,
and Klein et al., submitted).
In the special case of bias due to temperature substructures
it does not seem to be necessary to correct for different bias de-
pending on substructure types. From first tests it was not clear
whether there is a reliable measurement for quantifying sub-
structure in the eROSITA survey. This is mainly due to Poisson
noise in the relatively shallow observations and a relatively large
average survey PSF which will blur any substructure features in
the cluster emission.
Because the bias does not have a strong dependence on the
cluster type it is not critical how representative of the real cluster
population of the universe the 33 cluster sample is. The sample
used in this study covers redshifts from 0.05 to 0.45 and contains
relatively high mass systems with a large variety of substruc-
ture types. Even if the fraction of different types is not perfectly
representative we estimate the systematic uncertainty of the bias
measurement to be less than one per cent.
In the simulations we assumed that the cluster sample is the
same in each redshift bin. This means that evolution in the cluster
properties over time can not be probed. For example evolution in
mass profiles (e.g Andreon 2008; Biviano & Poggianti 2010) or
the ratio of CC clusters to merging systems in the course of hier-
archical halo formation (see e.g. from cosmological simulations
Navarro et al. 1997).
The final filter configuration of eROSITA will be 5 x 200 nm
Al (on-chip) and 2 x 100 nm Al, placed behind 2-7 x 200 nm
Polymid (PI) filters. This will slightly change the instrument re-
sponse files compared to our simulations where we assumed 7
x 200 nm Al, but will not influence the temperature bias results
significantly.
5. Mass function and cosmology bias
The temperature of the hot ICM measured from X-ray spectra
is an important proxy for the mass of the observed cluster (for
a recent review on different mass-proxies, see e.g. Kravtsov &
Borgani 2012). Temperature can only be measured accurately
in high S/N spectra. The X-ray flux from a cluster can be mea-
sured accurately also in observations with lower S/N and can be
used to estimate the mass (see e.g. L-M relation in Reiprich &
Böhringer 2002; Reichert et al. 2011). For the mass function bias
estimates we used temperature scaling relations. In the following
study M200c is the mass of the cluster within the overdensity ra-
dius r200.
We investigated how the bias in the mass-proxy would affect
the cluster mass-function expected for the eROSITA survey. The
mass function (histogram of the number of clusters of a given
mass, see Bocquet et al. 2016, for a recent study) of an observed
cluster sample together with a selection function describing the
sensitivity of the instrument for detecting certain cluster types
can be converted into a real cluster population of the universe.
This cluster mass function can be used to constrain cosmological
parameters (for a review on cluster cosmology, see e.g. Allen
et al. 2011).
The cluster mass Mtotal scales with temperature TX as (see
e.g. Finoguenov et al. 2001; Pierpaoli et al. 2003; Vikhlinin et al.
2009; Pacaud et al. 2016),
Mtotal ∼ T 1.5X (2)
The bias of Treal−TobsTaverage = 0.05 over a redshift range of z =
0.1 − 0.8, translates into an average mass bias of 7.5 per cent.
Fig.5 shows the systematic change in the cluster density in
the redshift - mass plane assuming all masses were calculated
from X-ray halo temperatures.
This systematic shift in the mass-function will cause a sys-
tematic offset in the derived cosmological parameters and has
to be accounted for in cluster scaling relations for the eROSITA
survey.
To quantify the impact of the measured mass bias on the
derived cosmological parameters the following technique was
used. The overall mass function histograms of number of clus-
ters in up to twelve mass bins was created for 3 different redshift
ranges (see Fig.6). The offset significance between the fiducial
and the biased mass-function is shown in the lower panels of
Fig.6. This shows how the mass function changed due to the
cluster mass bias. Covariance between LX and TX was neglected
for creating the biased mass function.
The fiducial mass function was calculated using the Tinker
et al. (2008) mass function and the cosmological parameters
from WMAP9 (Hinshaw et al. 2013). The fiducial cosmology
parameters are ΩM ≈ 0.28 and σ8 ≈ 0.82. Using scaling rela-
tions the cluster masses can be converted to observables like
X-ray temperature, flux, and source extent. Here we used rela-
tions found in the XMM-Newton XXL-100 survey (Pacaud et al.
2016; Giles et al. 2016; Lieu et al. 2016). An instrument specific
selection function describing detectability in flux and source ex-
tent can be used to relate the instrument specific observed mass
function to the true mass function of clusters in the observed
universe.
The mass function can also be changed by varying the cos-
mological parameters ΩM and σ8. These parameters constrain
the matter fraction of the total energy of the universe and the
clustering amplitude of DM halos, respectively.
The number density of DM halos of different masses can
be calculated for different cosmologies assuming purely grav-
itational collapse (see early work by Press & Schechter 1974;
Bond et al. 1991). Tinker et al. (2008) in recent work provided
a universal function f(σ) describing the shape of a cosmological
halo mass function mostly independent of redshift or cosmolog-
ical model.
As selection function the latest simulations of cluster detec-
tions was used in combination with latest scaling relation mea-
surements from the XMM-Newton XXL survey (Clerc et al., in
prep). The function has decreasing detection probability at lower
masses because low mass halos have lower X-ray luminosities
and lower ICM temperatures.
For a grid of different ΩM and σ8 (see grey diamonds in
Fig.7) an expected true mass function was created. For each
combination of parameters the offset significance between true
and biased mass-function was calculated to find the best fitting
set of cosmological parameters (for details on this method see
Clerc et al. 2012). Fig.7 shows the best fit parameters and confi-
dence contours around them (ΩM and σ8 were the only variable
parameters of the fit).
The goodness-of-fit between the measured and simulated
mass function was calculated as,
χ2 =
∑Measured − ModelError
2 (3)
which is the sum of the offset significance (χ2 test) between
the measured and model data points summed over all mass- and
redshift-bins (see Fig.6). The annotated χ2 values show that χ2
between the measured (biased) mass function and the best fit
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Fig. 6. eROSITA mass function bias in different redshift bins. The top panels show the mass function (number of clusters in a given mass range
M200c) in increasing redshift ranges (left: 0.1 to 0.25, middle: 0.25 to 0.55, right: 0.55 to 1.0). The triangles show the eROSITA mass function as
expected in the standard cosmology (fiducial cosmology WMAP9 Hinshaw et al. 2013). The open squares show the same mass function but with
the estimated mass bias of about 7.5 per cent. The filled circles show the mass function for the best-fit cosmological parameters to the biased mass
function. The errors on data-points are Poisson errors on the number of clusters per bin. The bottom panels show the offset significance between
the fiducial model and biased mass function (grey dotted lines) and between the best-fit model and the biased mass function (crosses with coloured
dotted line).
simulated mass function compared to the fiducial mass function
improved by ∆χ2 = 693.1.
For an input cosmology with ΩM = 0.28 and σ8 = 0.82 we
obtained a best fit of ΩM ≈ 0.31 and σ8 ≈ 0.78. This corre-
sponds to a low bias of ∼ −5 per cent in σ8 and a high bias
∼ +10 per cent in ΩM.
These trends can be understood because lower normalisation
of the clustering σ8 would produce less massive halos consistent
with the measurement bias. If the measured masses are biased
low this creates objects where the probability from the selection
function is very low and thus the real expected number density at
low masses is disproportionally boosted to increase the average
expected matter density ΩM.
Given that the error contours on the input cross in Fig.7
would be similar to the ones for the biased value the offset is
significant.
6. Discussion
The most important mass proxy for galaxy cluster masses in X-
ray surveys is the electron temperature of the ICM which can di-
rectly be measured from the X-ray spectra of a cluster. The ICM
is generally assumed to be in thermal equilibrium in the observed
regions and thus the electron temperature corresponds to the gas
temperature. The temperature is obtained by fitting an emission
model of a collisionally ionized plasma to the intrinsic X-ray
spectrum of the source. Every X-ray instrument however has a
slightly different response (i.e. detection efficiency) depending
on incoming photon energy and position on the detector. The
intrinsic source spectrum can be obtained by deconvolving the
observed spectrum by the instrument response.
eROSITA is a rather soft X-ray telescope which means its
effective collecting area is highest between 1 − 2 keV and drops
by a factor of about ten above 2 keV. Because of this eROSITA
is more sensitive to spectral features at low energies and thus
more effective at detecting lower temperature gas. This biases
the estimated average temperature when there is a second hotter
gas component present in the spectrum (as explained by Reiprich
et al. 2013).
As many previous studies of deep X-ray observations of clus-
ters have shown there is significant temperature structure in the
ICM (e.g. Reiprich et al. 2004; Sanders & Fabian 2007; Million
& Allen 2009; Lovisari et al. 2011). Previous works studied the
capability to measure the ICM temperature using different X-ray
observatories. Reiprich et al. (2013) reviewed the influence of
multi-temperature ICM on the obtained average temperature of
a cluster especially in the outskirts. They found that eROSITA
will significantly underestimate cluster temperatures by simu-
lating a spectrum with two temperature components (0.5 keV
and 8.0 keV). In a spectrum where the emission from cold and
hot component was split 50/50 per cent the average tempera-
ture should be measured as 4.25 keV. It was found however that
in a single-temperature fit to the eROSITA spectrum the tem-
perature was ∼ 1.5 keV suggesting a low bias in temperature of
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about 60 per cent. The bias they measured is also varying with
the assumed metallicity of the colder component. The tempera-
ture difference assumed in their simulations is more extreme than
in the sample of clusters we analysed but demonstrates the ex-
pected trends for eROSITA. Our results show that in real clusters
the bias towards lower temperatures due to substructures will be
about 5 per cent.
Borm et al. (2014) tested how well temperature can be con-
strained for clusters in the eROSITA survey based on XSPEC
fakeit simulations of isothermal clusters with a β − model sur-
face brightness profile (including X-ray background). The bias
Borm et al. (2014) found does not include the substructure bias
we investigated in this study. Their bias is mainly caused by the
fitting method for the cluster X-ray spectra. In our study bias
from the fitting method is cancelled out because we used the dif-
ference in temperature between two simulations with and with-
out substructure.
Mathiesen & Evrard (2001) found ∼ 10 − 20 per cent lower
temperatures measured in the 0.5 to 9.5 keV band (similar
to Chandra) compared to emission weighted averages of hy-
drodynamic simulations. Rasia et al. (2005) found a bias of
∼ 20 − 30 per cent lower temperatures from mock X-ray spec-
tra compared to the emission-weighted average temperature
from their simulations. leading to an underestimate of σ8 by
∼ 10 − 20 per cent per cent. Vikhlinin (2006) introduced an al-
gorithm to better compare temperatures from simulations and
from real cluster spectra.
This shows that the bias in comparison to high-resolution
hydrodynamic simulations is higher than in our study but in the
same direction.
Mazzotta et al. (2004) found temperatures measured from
simulated Chandra or XMM-Newton X-ray spectra to be signif-
icantly lower than mass- and emission-weighted temperatures
from their cluster simulations. The magnitude of the effect is
similar to the one found in this study. Weighting the Chan-
dra map temperatures according to the spectral-like temperature
(Tsl) (Mazzotta et al. 2004) instead of the average lowered the
bias to Bias(T ) ∼ −2.5 per cent. We found no significant tem-
perature dependence in the offset between average- and spectral-
like temperatures in this study.
The X-ray temperature is particularly important for cosmo-
logical studies because it is one of the best observable mass prox-
ies for clusters of galaxies (see e.g. Finoguenov et al. 2001). Pier-
paoli et al. (2003) have shown that the normalisation of the T-M
scaling relation strongly influences the determination of the σ8
cosmological parameter. They showed at high significance that a
lower normalisation in the mass causes a lower predicted value
for σ8. Lower normalisation of the T-M function is the same as
a low mass bias due to temperature measurement bias as found
in this study. They found that a ten per cent lower normalisa-
tion causes about a five per cent lower value for σ8 which is
consistent with our results. Their results were obtained for fixed
ΩM = 0.3.
An additional effect which has to be accounted for in the
eROSITA mass calibration was presented by Bocquet et al.
(2016), who analysed the influence of baryons (mostly in form
of hot gas in the ICM) on the mass function using data from
the Magneticum simulations (Dolag et al., in preparation). Com-
paring the results of DM-only simulations and simulations in-
cluding baryons they found that in case of eROSITA the change
in the obtained mass-function could lead to an underestimate of
about one per cent in ΩM.
Pillepich et al. (2012) made the most detailed predictions
for eROSITA cluster cosmology so far. They used the halo-
Fig. 7. eROSITA cosmology contours for biased mass function for ΩM
versus σ8. The cross shows the input (true) cosmology value. The black
contours give the sum of the offset significance between the biased and
fit mass function. The contours were obtained by interpolating the offset
significance values calculated for the grid of cosmological parameters
(see grey diamonds). The red contours show the 1 and 3 σ confidence
level. The plot shows more coarse and finer contour levels around the
best fit values.
mass function of Tinker et al. (2008) obtained from N-body
simulations of a ΛCDM universe. Using L-M and T-M rela-
tions they converted the masses into detected photon count in
eROSITA using early estimates of instrument properties. This
allowed them to estimate uncertainties on cosmological param-
eters. They estimate that with eROSITA cluster counts, angu-
lar clustering measurements, photometric redshifts for all sys-
tems and cosmology priors from the Planck mission it will be
possible to obtain uncertainties of ∆σ8 = 0.014 . 2 per cent and
∆ΩM = 0.0039 . 2 per cent. At such high precision it will be
crucial to correct for the bias we estimate to be 5-10 per cent
especially when combining eROSITA with priors from other in-
struments.
The results demonstrated that a highly accurate mass cali-
bration will have to account for differences in temperature bias
among different cluster types. The bias is strongest for CC clus-
ters and can be reduced by using core excised temperature mea-
surements for the mass calibration in the eROSITA survey. Core
excising will however only be possible for the brightest most ex-
tended subsample of clusters.
This study does not account for evolution in the cluster types
with redshift. We assume the same sample of 33 clusters in the
five redshift bins of our simulations. The eROSITA sample will
contain much more low mass, and higher redshift clusters with-
out strong CC. The simulations showed that the temperature bias
due to substructure might be stronger in CC systems which are
mostly evolved massive clusters. Therefore the overall bias in the
eROSITA survey might be slightly lower. However since there
was no evolution with redshift in our study and the trend for clus-
ter types was not significant we assumed a constant bias through-
out our sample and the future eROSITA sample. These assump-
tions cause some caveats (see also Sect. 4.4) but the purpose of
this work was to show a first order estimate of the cosmology
impact that substructure can have in next stage cosmology stud-
ies.
The limited redshift range of our sample (plus the assump-
tion of no evolution of the clusters between the simulated red-
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shift bins) did not allow us to make predictions on dark energy
constraints in the eROSITA survey.
7. Summary and conclusions
We isolated the bias effect that substructures in galaxy clusters
have on temperature measurements and their impact on derived
cosmological parameters. This was achieved with eROSITA
simulations of cluster spectra for a large sample of massive
galaxy clusters in the four year all-sky survey. All simulations
were based on real cluster observations with Chandra and pro-
vide a representative sample of galaxy clusters in the local uni-
verse. In the redshift range of 0.1 ≤ z ≤ 0.8 we measured a
bias in the eROSITA cluster temperatures TX of −5.08 ± 0.27
per cent and a bias in X-ray flux FX of −1.46 ± 0.03 per cent.
Assuming temperature will be used as the primary eROSITA
mass-proxy this causes a bias of about 7.5 per cent lower masses.
This would cause an offset of ∼ −5 per cent in the cosmological
parameter σ8 and ∼ +10 per cent in ΩM which the eROSITA
cluster survey will be very sensitive to. This estimate was made
assuming the cluster sample used in this study is representative
over the covered redshift range.
Our findings emphasize that it will be crucial to calibrate
cluster masses down to the per cent level to obtain confidence
limits of ∼ 2 per cent on the cosmological parameters investi-
gated in this study. It will be equally important for precision dark
energy studies with the eROSITA cluster sample. The mass cali-
bration accuracy will best be achieved using direct weak-lensing
follow-up of eROSITA clusters after the first scan of the sky or
by cross calibrating against mass measurements of other instru-
ments like Chandra or XMM-Newton.
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